Abstract During the early stages of angiogenesis, following stimulation of endothelial cells by vascular endothelial growth factor (VEGF), the vascular wall is breached, allowing high molecular weight proteins to leak from the vessels to the interstitial space. This hallmark of angiogenesis results in deposition of a provisional matrix, elevation of the interstitial pressure and induction of interstitial convection. Albumin, the major plasma protein appears to be an innocent bystander that is significantly affected by these changes, and thus can be used as a biomarker for vascular permeability associated with angiogenesis. Traditionally, albumin leak in superficial organs was followed by colorimetry or morphometry with the use of albumin binding vital dyes. Over the last years, the introduction of tagged-albumin that can be detected by various imaging methods, such as magnetic resonance imaging and positron emission tomography, opened new possibilities for quantitative three dimension dynamic analysis of permeability in any organ. Using these tools it is now possible to follow not only vascular permeability, but also interstitial convection and lymphatic drain. Active uptake of tagged albumin by caveolae-mediated endocytosis opens the possibility for using labeled albumin for vital staining of cells and cell tracking. This approach was used for monitoring recruitment of perivascular stroma fibroblasts associated with tumor angiogenesis.
Introduction
Angiogenesis, the sprouting and expansion of the vascular bed, is often triggered by the activity of one central angiogenic growth factor, vascular endothelial growth factor (VEGF), identified not only as a mitogen for endothelial cells, inducing their proliferation [1] , but also by its potent ability to induce permeability of blood vessels [2] . Thus, vascular permeability is a common hallmark of normal and pathological angiogenesis and VEGF was also named vascular permeability factor (VPF) [2, 3] .
Vascular permeability induced by VEGF is not a consequence of perforations in the vessel wall, but rather is due to specific endothelial cell structures, the vesiculovacuolar organelles (VVO); which bud at the vessel lumen face and allow transport of blood fluid across the vessel wall. VVO formation is activated by VEGF as well as by histamine [4] . Vascular permeability is interpreted and measured differently by researchers from different research fields [5] . While physiologists considered the vessels as passive barriers with pores of various sizes, through which materials pass by random walk diffusion, vascular biologists regard vascular permeability with respect to the bulk transfer of plasma macromolecules and their accumulation in the tissue.
An important tool that enabled the discovery of VEGF activity on vascular permeability was the Miles Assay, in which a vital dye that binds to serum albumin, such as Evans Blue, is administered intravenously. Intradermal administration of the material that induces vascular permeability, leads within minutes to 'blueing' of a growing circle surrounding the injection site [6] . The aim of this review is to introduce the significant advances over the last years in utilizing non invasive imaging technologies for visualizing vascular permeability and lymphatic drain using labeled albumin. The review will start with the methodology for determination of blood volume fraction and permeability surface area product by MRI using labeled albumin, followed by the primary methods used for validation of albumin-based analysis of blood volume and vessel permeability using fluorescence microscopy. We will then review the use of these tools for analysis of tumor and non-tumor angiogenesis, followed by review of the use of labeled albumin for MRI analysis of interstitial convection and lymphatic drain. Finally we will describe briefly the use of labeled albumin for in vivo tracking of cell recruitment in angiogenesis.
Albumin is the most abundant plasma protein in the blood stream (35-50 g/l in human), and one of the major protein synthesis products of the liver (approximately 0.7 mg/h for every gram of liver tissue), characterized with an average half-life of 19 days [7] . It consists of a single polypeptide chain of 581 residues and exists in a multidomain structure with complex ligand binding specificities [8] . The Albumin molecule is highly organized with hydrophobic internal structure, stabilized by disulfide bonds, and a relatively flexible hydrophilic surface [9] . Its structure and abundance defines its binding capabilities and physiological role, it binds long chain fatty acids, bilirubin, heme breakdown products, copper nickel and more. In addition it has a critical role in blood osmotic control [7] . Therapeutically it is of high importance as it binds a variety of compounds, and therefore acts as a drug carrier for various drugs for different targets.
The diverse binding capabilities of albumin enables to link to it external groups such as drugs, fluorescent molecules and radioisotopes, making it a powerful carrier for drugs and contrast probes. Macromolecular contrast media provide an advantage for imaging angiogenesis, as the angiogenic vessel wall is permeable to such contrast media, while resting blood vessels do not allow passive leak of plasma proteins or other macromolecules (Fig. 1) . Indeed, GdDTPA labeled albumin (66.6 KD), shows increased specificity in tumor staging and in detection of response to anti-angiogenic therapy [10] [11] [12] . The characteristics of albumin makes it highly useful as a contrast agent in tumor angiogenesis, tumor microvessels have pore size of 100 to 1,200 nm in diameter [7, 13, 14] enabling albumin, with an effective diameter of 7.2 nm, to extravasate into the tumor, but not out of normal vasculature, resulting in a tumor specific accumulation. Being an abundant endogenous plasma protein, albumin can be specifically internalized by some cells, through the caveolae pathway. This specific uptake can be used in order to load contrast material into cells, and for tracking cell migration by non-invasive imaging.
Noninvasive MRI allows three-dimensional (3D) visualization of the complex vascular bed [15] and offers the advantage of unique soft tissue contrast, high penetration depth in tissue and a wide range of experimental protocols with different contrast mechanisms. The microvasculature includes those blood vessels of a diameter of 100 lm and smaller. This upper limit of vessel diameter coincides with Fig. 1 Measurement of vascular permeability, interstitial convection and lymphatic drain using tagged albumin. (Left) In normal tissue with mature blood vessels, after intravenous injection, albuminGdDTPA does not extravasate, and its concentration inside the blood vessels slowly decreases (t 1/2 = 4 h). (Right) During angiogenesis blood vessels are hyperpermeable. Initially, the contrast agent is only in the vessels, yielding an estimation of the microvascular density (fBV). The rate (or slope) of interstitial accumulation of the contrast agent provides the permeability surface area product (or permeability; PS). Elevated interstitial pressure, for example in the center of a tumor, can drive interstitial convection (convection). Eventually after a longer period ([60 min) the extravasated albumin-GdDTPA is drained from the interstitium into the lymphatics the spatial resolution of high-resolution small animal MR scanners. Therefore, dynamic contrast enhanced (DCE) MR imaging of microvasculature, where physiological information from vessels that are not directly visible in the images is extracted, differs from MR angiography, where only large blood vessels are imaged [16] .
Albumin can be covalently linked to 25-35 (Gd-DTPA) groups, in order to allow its detection by MRI through the increase in the rate of the longitudinal R 1 relaxation of water, resulting in signal enhancement. After intravenous administration, it shows slow clearance from the circulation, and its volume of distribution corresponds closely to the body's relative blood volume, thus serving as a blood pool agent [13, 17] . Due to the lower tumbling rate of the albumin bound GdDTPA, the r 1 -and r 2 -relaxivity of this contrast agent, reflecting the efficacy in generating MRI contrast, is substantially higher compared to low-molecular weight contrast agents [10] . This increase in relaxivity raises the sensitivity for its detection by MRI. Addition of biotin can be used for detection of the contrast media in histological sections [18] . In addition, the biotin can be used for altering the pharmacokinetics of the contrast material in circulation through in vivo avidin chase, namely for inducing rapid elimination of the contrast media from circulation by phagocytic macrophages upon intravenous administration of avidin [16] . In addition, albumin can be further modified so as to include fluorescent or NIR tags (Fig. 2a) or additional targeting moieties [16, 19] widening the possible in vitro and in vivo follow up methods.
An alternative approach includes low molecular weight contrast media with high affinity to albumin, which can be used for measuring vascular permeability, in a manner analogous to the use of Evans Blue in the Miles Assay. Such a compound, MS-325 was applied in preclinical models as well as for human imaging [20] [21] [22] .
Determination of blood volume fraction and permeability surface area product
The relatively slow permeability, long half-life in circulation and the relative inertness of albumin-based contrast agents, allow quantification of blood volume fraction (fBV), and permeability (permeability surface area product; PS; Fig. 2b, d ). Molecular exchange across the microvascular wall is a fundamental constituent of the function of the microvasculature in perfusing the target tissue. Low molecular weight contrast agent, such as GdDTPA, extravasates in the presence of non-specific channels or pores in the vessel wall. These low molecular weight contrast agents provide a sensitive measure of vascular leak in tissues with inherently very low permeability, such as the central nervous system, where the blood brain barrier prevents extravasation of small molecules. However in other tissues, in which the low-molecularweight materials easily extravasate, the initial distribution volume of these contrast agents after intravenous bolus injection, approximate the extracellular space, comprising both vascular and interstitial space. As fractional blood volume and vascular permeability with low molecular weight contrast agents are overestimated, it was argued that it would be difficult to accurately measure angiogenesis using such contrast media [12, 23] . In such tissues, high molecular weight contrast agents may provide increased specificity for detection of blood volume fraction and elevation in vascular permeability [24, 25] . Large serum proteins, such as albumin, extravasate through the large fenestrations and VVOs and can accumulate in the extravascular space selectively in regions with elevated vascular permeability [24] . After intravenous bolus injection, the initial distribution volume of this highmolecular-weight contrast agent approximates the blood volume of the tissue of interest [12] .
To correct for variability in contrast media dosage, the tissue concentrations can be normalized by the blood concentration of the contrast agent, measured in a large vein, typically the vena cava, or the right ventricle. For macromolecular contrast agent, the blood volume fraction (fBV), is a measure of (micro)vascular density and is calculated from the ratio between the extrapolated concentration of BSA-GdDTPA at time of administration and the concentration in the blood. The permeability surface area product (PS; min -1 ), the initial rate of contrast accumulation normalized to the blood concentration. PS reflects the leak of macromolecules out of the blood vessels and their accumulation in the tissues (Fig. 2b, d ) [26] .
Quantitative determination of the concentration of the contrast material is particularly complicated for MRI due to the indirect detection. The contrast material is revealed through its effect in enhancing the longitudinal relaxation rate R 1 of water. The first step for quantification is the determination of the specific relaxivity r 1 (in mM -1 s -1 ). The relaxivity depends on the interaction of the contrast material with water and is enhanced by reducing the tumbling rate (e.g by binding to albumin), but is significantly reduced by endosomal uptake, leading to significant 'quenching' of the contrast enhancement, making it MRI invisible. Next, R 1 relaxation rate should be determined before and after administration of the contrast media. The concentration [C] of MRI visible contrast media can then be derived from the linear relation (Eq. 1):
Validation of the actual distribution of the contrast media in the various tissues (including also MRI invisible endosomal contrast media) can be done by analysis of Gd content using inductively coupled plasma mass spectroscopy (ICP-MS).
Validation of albumin-based analysis of blood volume and vessel permeability by fluorescence microscopy An inherent requirement for in vivo imaging studies is to provide independent validation for the findings. The 3D advantage of MRI is demonstrated in studies of cross validation between histological and MR rendering of blood vessels [27, 28] . The presence and distribution of macromolecular contrast agent can be validated using histological staining for the MRI contrast media through addition of a biotin group generating a dual histology/MR probe biotin-albumin-GdDTPA [29] . The distribution of this contrast media can be detected in histological sections by using an avidin-biotin-complex (ABC) stain, such as avidin-fluorescein isothiocyanate (FITC) [30] . Biotin-albumin-GdDTPA can additionally be directly labeled with fluorescent markers (for example fluorescein (FAM) or rhodamine (ROX) derivatives). Such multiple labels were useful for histological analysis of the extravasation and fate of contrast agent in hyperpermeable microvasculature [30] .
As an additional intra-vascular marker, albumin labeled with a fluorescent marker, can be administered intravenously, 3 min before sacrificing the animal. In the short period during which the contrast material is distributed throughout the body, extravasation from blood vessels is negligible, even in areas with leaky blood vessels. Thus this marker provides an independent histological measure of the volume fraction of functional blood vessels, equivalent to MRI data acquired during the early time points after administration of biotin-albumin-GdDTPA. Analysis of this initial enhancement yields the (micro)vascular density (fBV).
Staining of biotinylated MR contrast agent with avidin-FITC or fluorescence microscopy of MR contrast agent labeled with fluorescent markers, yields a histological equivalent representation of the permeability surface area product (PS), corresponding to the leak of macromolecules from the blood vessels and their accumulation in the tissues. These fluorescent markers can be visualized with fluorescent microscopy on histological slices following tissue fixation with Carnoy's solution. Caution should be used in organs with high endogenous levels of biotin.
Notably, a mismatch between the distribution of the contrast material as detected by ICP-MS and by histology from that detected by MRI, can arise from quenching of relaxivity by endosomal uptake of the contrast material [16] .
Imaging tumor angiogenesis using (biotin)-BSAGdDTPA Angiogenesis is necessary for tumor growth and metastasis [31] . MRI monitoring of tumor angiogenesis has been extensively investigated in the last decades. DCE-MRI, using albumin-labeled contrast agent, allows in vivo quantification of angiogenesis rendering both measures of microvascular density (fBV) and permeability (PS; see above).
The switch to an angiogenic phenotype is a fundamental determinant of neoplastic growth and tumor progression [31] . Amplification of the transcription factor hypoxia inducible factor (HIF)-1alpha dependent responses to hypoxia via loss of p53 function, contributes to the angiogenic switch during tumorigenesis. This angiogenic switch was shown by MRI, using albumin-GdDTPA as a macromolecular contrast agent [32] . By deletion of the p53 tumor suppressor gene, promoting the neovascularization and growth of tumor xenografts in nude mice, increased angiogenesis was manifested by elevated vascular volume and vessel permeability [32] . Recently, macromolecular DCE-MRI was applied for mapping vessel density and permeability in islet1, RIP-Tag2 pancreatic tumors [33] .
Elevation of capillary permeability, in response to VEGF, leading to extravasation of serum proteins can be detected by MRI using albumin-GdDTPA [11, 24, 26, 30, 34] . Macromolecular albumin-based contrast agent was extensively used for early detection of tumor response to antiangiogenic therapy [11, [35] [36] [37] [38] . MRI using intravascular albumin-GdDTPA could detect the effects of the antiangiogenic agent TNP-470 on the vascular volume and permeability in a prostate cancer model [38] . Reduced activation of both platelet-derived growth factor receptor (PDGFR)-beta and VEGF receptor 2 (VEGFR2) in imatinib-treated mice was demonstrated by macromolecular DCE-MRI [36] . Macromolecular DCE-MRI showed an early measurable predictive biomarker of tumor angiogenesis treatment response. Acute change in vascular leakiness was measurable after a single dose of bevacizumab [35] .
The spatial distribution of vascular permeability and vascular maturation could be correlated by sequential analysis of the tumors, using blood oxygenation level dependent (BOLD)-contrast MRI for analysis of vasoreactivity in response to elevated concentration of CO2 (5%; hypercapnia) as a biomarker of vascular maturation, followed by DCE-MRI using biotin-BSA-GdDTPA [39] . A wide range of vascular phenotypes detected were consistent with the expression of VEGF by the tumor cells and expression of growth factors that affect vascular maturation, such as angiopoietin 1 and 2 by the tumor stroma [39] (Fig. 3c) .
In an elegant set of studies DCE-MRI using albuminGdDTPA was also correlated with spectroscopic MR imaging, fluorescence imaging and three dimensional histological reconstruction with an effort to explain the metastatic phenotype [38, 40, 41] . Vascular volume and permeability were correlated with the extracellular pH in metastatic (MDA-MB-231) and non-metastatic (MCF-7) human breast cancer xenografts [40] . A similar approach was applied also for the study of human prostate cancer xenograft implanted orthotopically in the prostate or subcutaneously in mice. Hypoxic tumor cells were visualized using an enhanced green fluorescence protein whose expression was regulated by the hypoxia response element. The more metastatic orthotopic tumors, showed higher vascular volume and vascular permeability, which spatially correlated with higher total choline and lower extracellular pH [41] .
Following the success of macromolecular DCE-MRI in pre-clinical studies in animal tumor models, applying this technique in human studies and clinics could be of interest for detection of early responses to tumor treatment and characterizing tumor vasculature in cancer patients. Although potential diagnostic applications have been investigated with human serum albumin (HSA-Gd-DTPA), as a prototype macromolecular contrast medium, it is considered a poor candidate for development as a clinical drug, since its elimination is slow and incomplete [17] and protein-based drugs have a potential to induce immunologic toxicity [42] . Thus, alternative macromolecular contrast agents are being tested [43, 44] . New polydisulfidebased biodegradable macromolecular contrast agents were compared, with albumin labeled Gd-DTPA in tumor bearing nude mice prostate xenografts, and found promising for characterizing vascularity and angiogenesis with DCE-MRI [45] .
An alternative approach is to apply low molecular weight contrast media that bind albumin in the circulation such as MS-325 [22] .
Visualizing non-tumor angiogenesis
As originally demonstrated by Senger et al. using the Miles Assay, acute rise of vascular permeability can be induced locally by intradermal administration of VEGF165 [46, 47] . Similarly, local extravasation of intravenously administered macromolecular biotin-BSA-GdDTPA was detected by MRI 30 min after intra-dermal administration of VEGF [26] . The accumulation of contrast material in the interstitial space followed mono-exponential saturation kinetics. Delayed administration of the contrast media resulted in reduced leak, demonstrating that the saturation kinetics is not due to equilibration between plasma and the interstitial space, but rather is due to suppression of VEGFinduced vascular permeability. Permeability could be restored by a second bolus of VEGF, showing that the saturation kinetics is primarily due to pharmacodynamics and inactivation of the administered growth factor [26] .
Calibrated VEGF levels are crucial not only for pathological tumor angiogenesis, but also for embryonic angiogenesis, the ovarian cycle, endochondral bone formation, wound healing and graft angiogenesis [48] . Uterine receptivity and embryo implantation depend on local induction of angiogenesis and vascular permeability. DCE-MRI and fluorescence microscopy using biotin-BSAGdDTPA allowed detection and quantitative assessment of mouse embryo implantation sites as early as embryonic day 4.5 (E4.5), and subsequent vascular expansion at E5.5.
Vessel permeability was significantly elevated in E4.5 implantation sites relative to non-implanted uterus, showing that elevation of vascular permeability is a very early response preceding E4.5. This functional imaging of implantation by MRI quantifies angiogenesis during normal mouse implantation and allows future evaluation of the involvement of the vasculature in mouse models of impaired implantation (Fig. 2c) [49] .
Using this approach, the critical role of dendritic cells in fetal implantation was discovered [50] . Specific ablation of dendritic cells resulted in failure of the critical window of vascular maturation during angiogenesis of the decidua at the fetal implantation site. Thus in the absence of these cells, vascular blood volume fraction was reduced while vessel permeability was significantly enhanced [50] .
During endochondral bone formation, blood vessels invade, and supply minerals for long bone formation. Recently, macromolecular DCE-MRI proved to provide high sensitivity for in vivo detection of angiogenesis, at the site of long bone and was able to identify subtle gene dose effects for PKBalpha/Akt1 leading to impaired bone [39, 70] vascularity concomitant with deficiencies in trabecular bone. This indicates that macromolecular DCE-MRI could be used as an early indicator of impaired vascular function in diseases where altered angiogenesis causes impaired skeletal growth (Fig. 2b) [51] .
Hyperpermeability, associated with the angiogenic response after ischemic injury induced by ligation of the femoral artery at the right posterior limb in mice, was followed noninvasively by MRI using daily iv administration of biotin-BSA-GdDTPA. MRI provided valuable information on the transient hyperpermeability induced during the early stages of angiogenesis, and its subsequent resolution along with functional recovery from acute hind limb ischemia in mice [52] .
Imaging interstitial convection and lymphatic drain
One of the hallmarks of angiogenesis and one of the earliest vascular responses to VEGF is the rapid rise in vascular permeability, leading to extravasation of plasma macromolecules to the interstitial space. Thus, while the chronic exposure to VEGF leads to formation and stabilization of new capillaries, the immediate early response to VEGF includes vasodilation and vascular fenestration. Using albumin labeled with GdDTPA as well as with fluorescence markers made it possible to detect not only the elevated permeability of blood vessels at the site of VEGF administration, but also to reveal how the extravasated albumin is efficiently cleared by interstitial convection and lymphatic drain [26] .
Clinical studies linked elevated expression of VEGF with increased lymph node metastases. This association raised the hypothesis that VEGF-induced vascular permeability can augment peritumor interstitial convection and lymphatic drain. Tumors with tetracycline-regulated overexpression of VEGF were used to demonstrate by MRI elevated vascular permeability to biotin-albuminGdDTPA, followed by interstitial convection, and subsequent lymphatic drain of the contrast media toward the draining lymph node [30] (Fig. 4a) .
Although delayed enhancement patterns can be used to follow the direction of convection and drain, they do not provide quantitative kinetic information on the rate of clearance of the extravasated contrast media. In order to measure the rate of clearance, we utilized an in vivo avidinchase approach, in which slow intravenous administration of avidin induced immediate uptake of the biotinylated albumin-GdDTPA by phagocytic macrophages, leading to complete clearance of the intravascular biotinylated contrast material to the liver and spleen [16] (Fig. 4b) . Interestingly, uptake of the avidin bound contrast media by macrophages led to complete elimination of MR contrast, due to sequestration of the complex in intracellular endosomes.
This approach allowed us to separate experimentally between vascular leak and lymphatic drain. Suppression of the over-expression of VEGF abolished vascular permeability and lymphatic drain, providing a direct link between VEGF and peritumor lymphatic function [30] . Convective flux of the contrast material could further be analyzed to 'draining' and 'pooling' regions through the change in the early and late rate of contrast material accumulation in the tissue [53] . A similar approach was applied for analysis of lymphangiogenesis in bladder cancer [54] .
Biotin-BSA-GdDTPA-FAM/ROX was further applied for monitoring changes in blood volume, vascular permeability, interstitial convection, and the early stages of metastatic dissemination in tumors over-expressing heparanase, an enzyme implicated in tumor invasion, angiogenesis and metastasis [55] . Inter-voxel fluxes of the contrast media yielded maps of interstitial flow direction, showing radial outflow from the tumor, along with directional flow toward the draining lymph node. Changes in MR contrast enhancement in the lymph node preceded the formation of pathologically detectable metastases, suggesting the use of BSA-GdDTPA for detecting the initial stages of lymph node infiltration by metastatic cells [55] .
Transplantation of ovarian fragments after cryopreservation, provides a possible promise for overcoming premature ovarian failure in young cancer patients treated by chemo-or radiotherapy. Ovarian graft reception and maintenance was monitored and graft angiogenesis in two transplantation sites was quantified in immunodeficient mice by macromolecular DCE-MRI using biotin-BSAGdDTPA [56] . Loss of oocytes in ovarian grafts was attributed to impaired perfusion. In an effort to improve graft reception, hormonal and microenvironmental factors were assessed [56, 57] . Ovary fragments from young rats were transplanted intramuscularly and subcutaneously in immunocompromised CD1-nude mice. Ovariectomy of the graft recipient prior to transplantation improved follicular development in the grafts along with improved vascular development and increased vascular permeability. Biotin-BSA-GdDTPA, extravasated from the graft neovasculature, showed elevated interstitial convection, draining toward the proximal lymph node, similarly to the pattern of clearance of albumin extravasated from blood vessels in VEGF over-expressing tumors [57] (Fig. 4d) .
The use of BSA-GdDTPA for in vivo cell tracking in angiogenesis
The ability to perform cell tracking is critical in many different fields of research, and cell based therapeutics. It can be applied as a monitoring method when cells are Angiogenesis (2010) 13:75-85 81 implanted in a specific location, and external noninvasive detection is needed [58] , or in a wider application when following cell recruitment. The process of cell recruitment occurs in the living organism as part of normal function of a number of systems. Cells can be recruited from a certain reservoir, such as the bone marrow, to act on a remote specific tissue. The process of cellular recruitment accompanies many biological processes including angiogenesis, cancer progression, development, and immune response. Imaging is the only possible methodology for following the dynamics of cell recruitment. Specifically during angiogenesis multiple cell types are recruited from different locations to assist and participate in construction of the new vessels. Some of these cells affect vessel permeability and thus also lymphatic drain. Performing cell tracking in vivo requires labeling of the cell population of interest, in order to detect its location and route of migration. Labeling of the cells can be done ex vivo followed by injection of the labeled cells, or by targeting the labeling molecule to specific cells. Cell labeling can be achieved using dyes, reporter genes, radiolabeling, Gd based contrast media or iron particles [59] [60] [61] [62] .
MRI is one of the key methods applied for cell tracking, as it enables whole body imaging with unlimited tissue penetration [63] . Most MRI cells tracking studies use superparamagnetic iron oxide particles. This method of cellular labeling introduces a large magnetic susceptibility which results in easily detectable signal void [61, 64] . Another possibility is to label cells by uploading of gadolinium based contrast media, including GdDTPA. In contrast to Gd-DTPA which is rapidly cleared from dying cells, iron particles can be picked up by immune cells producing false secondary labeling [65] .
The cellular penetration of conventional low molecular weight gadolinium chelates such as DTPA is generally very low. In order to achieve efficient labeling, modification should be made to the contrast agent or to the cell Fig. 4 Imaging permeability, convection and lymphatic drain using biotin-BSA-GdDTPA (FAM/ROX). a Delayed enhancement observed in a mouse in which biotin-BSA-GdDTPA was administered intravenously and allowed to circulate for 6 h (green) and 3 min (red). Contrast material extravasated from the VEGF over expressing tumor in the limb of the mouse and drained towards the popliteal lymph node. b In vivo avidin chase analysis of lymphatic clearance. Administration of avidin results in immediate clearance of the intravascular contrast media. Lower row: left, initial enhancement angiogram (red); center, avidin induced clearance (green); right, life time for interstitial albumin clearance [16, 30] . c Fluorescence imaging of lymphatic uptake of extravasated albumin (lymphatic vessels, biotin-BSA-GdDTPA-FAM, green; blood vessels, BSA-ROX, red). d Angiogenesis of ovarian grafts, showing high convection and lymphatic drain of extravasated biotin-BSA-GdDTPA [56, 57] membrane [66] . Linking Gd-DTPA to BSA changes the dynamics of the contrast material and its characteristics, enabling high uptake and retention by cells [62] . Fibroblast cells incubated ex-vivo with 10 mg/ml of the Biotin-BSAGd-DTPA for 48H, show high cellular labeling, and enhancement in R1 relaxation, with no effect on cell viability. Biotin-BSA-Gd-DTPA labeled fibroblasts administered intraperitonealy showed by MRI a significant recruitment to a remote subcutaneous ovarian carcinoma tumor [61] (Fig. 5b) .
The main known route for BSA uptake into the cell is the caveolae pathway, known to be functional in a wide variety of cell types, but most abundant in endothelial cells. As a result of albumin binding to the gp60 protein (albumin binding protein), caveolin-1 and -2 proteins oligomerize, enabling the formation of membrane invaginations in diameter of 60-80 nm. These invaginations perform the endocytosis and transcytosis of albumin across the cell membrane in a single cell level, or the vascular endothelium in the animal level [38, 67, 68] . Upon internalization of albumin-GdDTPA, relaxivity is attenuated due to endosomal uptake but is subsequently re-gained after re-distribution of the contrast material within the labeled cells [62] .
When administered intravenously to mice with subcutaneous ovarian carcinoma tumors, biotin-BSA-GdDTPA remains localized to the vascular and perivascular stroma, and is taken up by perivascular myofibroblasts, however the contrast material remains excluded from the tumor nodules [39, 61] . Further modification of the contrast media such as generation of bifunctional daidzein-BSAGdDTPA, led to enhanced delivery and retention by the tumor cells, across the perivascular stroma myofibroblasts [19] .
Summary
In summary, albumin provides a useful carrier for contrast media, and can be used for quantitative determination and mapping of temporal changes in blood volume and vascular permeability during angiogenesis. These parameters can be further correlated spatially and temporally with measurements of additional parameters. In particular, tracing the clearance pathway for albumin extravasating from leaky blood vessels in sites of angiogenesis, provides measures of interstitial convection and lymphatic drain. Lastly, tagged albumin provides a powerful tool for cell tracking. As a naturally occurring protein, it is non toxic and shows specific caveolae mediated cellular uptake. Low molecular weight contrast media with affinity to albumin offers possibility for clinical translation for improved imaging of vascular permeability associated with angiogenesis. [61, 62] 
